TGF-β/Smad signaling pathway triggers diverse cellular responses among different cell types and environmental conditions. Quantitative analysis of protein-protein interactions involved in TGF-β/ Smad signaling is demanded for understanding the molecular mechanism of this signaling pathway. Live-cell single-molecule microcopy with high spatiotemporal resolution is a new tool to monitor key molecular events in a real-time manner. In this review, we mainly presented the recent work on the quantitative characterization of TGF-β/Smad signaling proteins by singlemolecule method, and showed how it enabled us to obtain new insights about this canonical signaling process.
Introduction
TGF-β/Smad signaling pathway regulates many important cellular processes including cell growth, differentiation, motility and apoptosis [1, 2] . It is generally believed that the signal is initiated by binding of the extracellular ligand, such as TGF-β1, to its specific membrane receptors, then transduced to intracellular Smad proteins, leading to regulation of downstream gene expression [3] . With the simple signal transduction logic, TGF-β/Smad signaling pathway can trigger cellular responses of wide diversity. For example, TGF-β changes from a growth suppressor to a promoter in epithelial cells during tumor progression [4] . In addition, cells are hypersensitive to TGF-β concentration so that subtle differences of TGF-β quantity can be distinguished and determine different cell fates [5, 6] . It is speculated that the diversity of cellular responses to TGF-β derives from the integration of interplaying dynamics of various signaling molecules with different concentrations at different time points [7] . Real-time and quantitative analysis of TGF-β signaling is demanded for understanding this highly collaborative spatial and temporal regulating process.
By the use of traditional assays, such as surface plasmon resonance (SPR), co-immunoprecipitation, and fluorescence spectroscopy, some quantitative information of TGF-β/Smad signaling process has been obtained including kinetic parameters about ligand-receptor binding [8] , receptor degradation [9] , and Smad protein interactions [10] . But it is concerned that the experiments with cell lysates or purified recombinant proteins may not reflect molecular behaviors in physiological state. Fluorescence imaging of living cells has also been used to monitor nucleocytoplasmic shuttling of Smad proteins [11] , whereas it normally shows an ensemble-average effect of many Smad proteins. On the other hand, mathematical models have been proposed for receptor trafficking, Smad nucleocytoplasmic shuttling and the comprehensive consideration of TGF-β/Smad signal pathway [4, 12, 13] . However, in the process of mathematical modeling, it is necessary to know the initial conditions including original concentrations of signaling molecules and rate constants of various signaling reactions [6] . At present, relevant data obtained by methods mentioned above is not precise enough and limited in number.
Lacking of real-time quantitative data restricts the establishment and application of TGF-β/Smad signaling model.
In recent years, profiting from the rapid development of singlemolecule techniques, of which the spatial and temporal resolutions are comparable to the size of molecular complexes and the durations of transient molecular interactions, observing and manipulating individual molecules in living cells have been realized [14, 15] . The most commonly used single-molecule methods for studying specific molecules and their interactions are singlemolecule fluorescence imaging and tracking (SMIT), and atomic force microscopy (AFM)-based single-molecule force spectroscopy (SMFS). SMIT methods enable researchers to directly observe dynamic behaviors of individual biomolecules at work. And AFM-SMFS is capable of directly detecting the inter-and intramolecular interactions in living cells. The information provided by single-molecule methods, which is real-time and quantitative, has allowed us to reveal the hidden heterogeneity in complex biological systems, and enhanced our understanding of cell signal transduction [16] . In this review, we will briefly introduce these two types of single-molecule microscopic techniques, and then present our results on the study of TGF-β/Smad signaling pathway with SMIT and SMFS (Fig. 1 ).
Method and Instrumentation
The main steps of SMIT experiments include labeling target molecules with fluorescent dyes, generating and detecting fluorescent signals from single target molecules with proper microscopes, localizing the precise positions of fluorescent spots and then reconstructing their motion trajectories [17] . In living cells, due to the high background signals, the major challenge of SMIT is improving the signal to noise ratio (SNR) in order to obtain the signal from individual target molecules. For this purpose, lots of efforts have been made including the development of bright fluorescent probes and specific labeling strategies [18, 19] , highly sensitive detectors and microscopes, and accurate single-molecule localization, tracking and analyzing algorithms [20] [21] [22] . One of the important requirements for microscopes is reducing the excitation and/or detection volumes such as those with total internal reflection fluorescence microscopy (TIRFM) and laser scanning confocal microscopy.
TIRFM is the most widely used microscope for SMIT, which can greatly reduce intracellular background signals and effectively improve the SNR of images on cell membrane [23] . It is known that when the illumination laser travels through an optically denser medium to an optically thinner medium and the incident angle is greater than the critical angle, total internal reflection will appear to generate an evanescent field, of which the excitation intensity exponentially decays with distance, resulting in a thin-layer illumination about 100-160 nm at the interface ( Fig. 2A) [24] . Therefore, TIRFM is very powerful in studying single-molecule events occurred at or near the cell membrane, which has been used in lots of researches on signaling receptors, membrane architecture, and initial endocytic process [26] [27] [28] .
For intracellular molecules, confocal microscopy, which uses two pinholes to filter out the out-of-focus signals at both excitation and emission light paths, is the major tool to obtain high SNR images. The recently developed spinning-disk confocal microscopy is able to scan across the sample with thousands of illumination light points in parallel and directly capture the image with CCD cameras [29] . With its high time-resolution and low phototoxicity, it is often used in imaging and tracking individual molecules or complexes in cytoplasm [30] . Other microscopes such as highly inclined and laminated optical sheet microscopy [31] and light-sheet microscopy [32] also have been developed to image and track individual intracellular molecules by their different strategies of reducing illumination/detection volume. The spatial resolution of the above microscopes is limited by the diffraction of light to~250 nm along the x-y axis and~500 nm in the z-axis, which is much bigger than the real size of individual molecules. Therefore, in SMIT, cells expressing low-density of target molecules are usually used, and only those well-dispersed fluorescent molecules are monitored to ensure single-molecule signals. New developments in super-resolution microscopy, such as stimulated emission depletion (STED) microscopy [33, 34] , structured illumination microscopy (SIM) [35] , stochastic optical reconstruction microscopy (STORM) [36] , and photoactivated localization microscopy (PALM) [37] , break the spatial resolution limit of optical microscopes, thus enable us to observe the dynamic behaviors of biomolecules at high expression levels and reveal molecular interactions by more accurate co-localization.
Besides imaging the morphology of biological samples with high resolution, AFM has made a great contribution to the quantitative characterization of biomolecular interactions, especially direct measurement of binding properties of individual biomolecules within living cells [15] . Basically, the AFM tip is functionalized by ligand molecules and fluorophore-tagged receptor molecules are expressed in cells. With the help of fluorescence microscope, the tip could approach the target molecules and enable ligand-receptor binding. The small tip size (<10 nm) and high-sensitive force measurement (about 10 pN) allow the detection of binding force between single pairs of ligand-receptor when the tip is vertically pulled to detach the cell. By changing the rupture speed of tip from the cell, singlemolecule dynamic force spectroscopy can be obtained to calculate the parameters of interaction kinetics (Fig. 2B) [25] . Nowadays AFM-SMFS has been widely used in the study of ligand-receptor interactions, conformation change of membrane proteins and cell adhesion, etc. [38, 39] .
Ligand-receptor Binding Kinetics
Ligand-receptor binding is the first step for cell-surface receptors to transduce signals. During TGF-β signaling process, TGF-β1 directly binds to the TGF-β type II receptor (TβRII) and then recruits TGF-β type I receptor (TβRI) to initiate signaling subsequently. By immobilizing extracellular domain of TβRII onto the SPR biosensor surface, the kinetic and thermodynamic constants of three TGF-β isoforms binding with TβRII had been calculated in vitro [8] .
Combining AFM with fluorescence microscopy, we investigated the binding of TGF-β1 to TβRII in living cells with single-molecule dynamic force spectroscopy [40] . The AFM tips were covalently modified with TGF-β1 through a PEG linker to exclude the nonspecific interaction and keep the immobilized ligand in a flexible orientation for binding. The density of TGF-β1 on tips was low so that only one pair of ligand-receptor molecules formed during the force measurement. Cells were transfected with either TβRII-RFP alone or both TβRI-GFP and TβRII-RFP. By positioning the AFM tips on the cells with green fluorescence or with dual (green and red) fluorescence at various locations, the rupture forces between molecule pairs were detected. The SMFS was obtained by measuring the binding forces at different AFM loading rates and revealed the dynamic information of TGF-β ligand-receptors bond. It was found that the binding force of TGF-β1 with TβRI-TβRII complex was stronger than that of TGF-β1 with TβRII alone, and there was no binding detected between TGF-β1 and TβRI. The dissociation rate constant of TGF-β1/TβRII (0.66 s Fig. 1 ) was about threefold faster than that of TGF-β1/TβRII/TβRI (0.2 s Fig. 1 ). This indicated that the binding of TGF-β1 and TβRII was stabilized by TβRI, which facilitated the formation of the signaling complex for signal transduction. In addition, the single-molecule force measurement provides a new approach to study the effect of different drugs and inhibitors on TGF-β1 signaling, which will be discussed later combined with the single-molecule imaging method [41, 42] .
Stoichiometry of TGF-β Receptors
The stoichiometry of a receptor is precisely regulated in cells, and the change in oligomerization states of receptors is often the initial step of cell signaling. In recent years, several single-molecule imaging methods aiming to analyze the receptor stoichiometry have been developed, such as analyzing the fluorescence intensity distribution [43] , counting the photobleaching steps [44] [45] [46] , and monitoring the diffusivity changes of individual molecules [47, 48] . These offer powerful tools for the real-time characterization of receptor activation during signal transduction.
In the traditional view of TGF-β signaling pathway, it is believed that TGF-β receptors, including type I, type II and type III (TβRIII) receptors, all exist as ligand-independent homodimeric complex. With the binding of ligand to the preformed homodimeric TβRII under the help of TβRIII, a heterotetrameric TβRI-TβRII complex is formed to transduce signal [49, 50] .
However, the results obtained by single-molecule imaging of TGF-β receptor revealed a much more different view on TGF-β (1-2), and the cantilever bends until the force reaches the specified limit (3), then the tip is withdrawn (4) and detaches from the surface with further retraction (5), in the end the cantilever returns to its resting position (6) . Adapted with permission from [24, 25] .
receptor activation [51] . By expressing EGFP-tagged TβRII at a low expression level, we monitored individual TβRII-EGFP on the living cell surface with TIRFM (Fig. 3A) . After analyzing the fluorescence intensity distribution of single fluorescent emitters, it was shown that TβRII mainly existed as monomers in resting cells, as the fluorescence intensities of most of spots were close to that of single purified EGFP molecules on coverslip (Fig. 3B) . Upon ligand stimulation, the population of spots whose intensities are approximately equal to twice of the single EGFP molecules significantly increased, indicating that many monomeric TβRIIs underwent dimerization. Moreover, photobleaching step analysis of these fluorescent emitters confirmed the results, as it has been demonstrated that the number of bleaching steps of fluorescent probe-tagged proteins can represent the subunit number of the proteins, e.g. one-step bleaching for monomer and two-step bleaching for dimer (Fig. 3C ) [45] . It was also found that TβRI existed as monomers and experienced the ligand-induced receptor dimerization after TGF-β1 stimulation [53] . However, TβRIII always remains in the monomeric status regardless of the presence of ligand [53] . Therefore, we proposed that the serine-threonine kinase receptors TβRI and TβRII could also follow the general rule of ligand-induced dimerization for activation like tyrosine kinase receptors. We noticed that TβRII aggregated into high-order oligomers when they were highly expressed. This might be the main reason that the monomer of TGF-β receptor was not observed in previous in vitro biochemical assays where receptors were overexpressed.
As the method of analyzing TGF-β receptor stoichiometry has been established, it has been used to explore whether the TβRI-TβRII heterotetramer could propagate TGF-β signal by two separated TβRI-TβRII heterodimers independently. To study TβRI-TβRII heterodimer, Hinck's group designed a mutant dimeric TGF-β3 which only bound to one TβRII molecule and recruited one TβRI molecule [54] , and they found this TGF-β3 mutant maintained onequarter to one-half signaling activity of wild-type TGF-β3. With single-molecule fluorescence imaging analysis, it was confirmed that there was no significant dimerization of TβRI or TβRII on the cell surface after the TGF-β3 mutant stimulation. These results proved that two TβRI-TβRII heterodimers bound and signaled nearly autonomously.
Since the change of receptor stoichiometry can reflect the receptor activation states, single-molecule fluorescence imaging methods are useful to study the mechanism of small-molecule inhibitors, the drug candidates of cancer and fibrosis therapy, on TGF-β signal pathway [55] . Recently, naringenin, a natural predominant flavanone, was reported to inhibit the expression and phosphorylation of Smad3 in the presence of TGF-β1 [56] . By using both singlemolecule fluorescence imaging and single-molecule force spectroscopy methods, we found that naringenin reduced the binding probability rather than binding force of TGF-β1 to TβRII, thus inhibiting TβRII dimerization and downstream signal transduction [57] . This indicated a new small-molecule inhibition mechanism which targeting ligand-receptor binding instead of receptor phosphorylation. With the same methods, we studied the first-line antidiabetic drug, metformin, which is suggested as a novel suppressor for TGF-β1 [42] . Our results revealed that metformin could directly bind to TGF-β1 at its receptor binding domain, which consequently reduced the binding probability between TGF-β1 and TβRII, and receptor dimerization for activation. This finding strongly supports the clinical use of metformin as a treatment of other diseases beyond diabetes where TGF-β1 signaling malfunctions is involved. Single-molecule fluorescence imaging methods are also suitable for studying the role of TGF-β receptors under pathological state [58] . Recently, researchers of cardiac hypertrophy have paid more attention to TGF-β1 pathway [59, 60] . It was reported that elevated TGF-β1 and its receptor level would induce cardiac hypertrophy [61, 62] . To explore the molecular mechanism behind this, we imaged individual TβRII-EGFP and found that the population of dimeric TβRII in hypertrophic cardiomyocytes was higher than that of normal cardiomyocytes both before and after TGF-β1 stimulation, and the phosphorylation level of Smad3 was also higher in hypertrophic cardiomyocytes correspondingly [58] . These results indicated that the activation process of TGF-β receptors plays an important part in cardiac hypertrophy.
Kinetics of TGF-β Receptors on Cell Membrane
Besides the fluorescence intensity changes, the position changes of individual molecules can also be directly observed by SMIT. In living cells, receptors collide, bind and interact with other molecules all the time [14] . With live-cell SMIT, studying molecular interactions with high time resolutions and spatial precisions has been realized [47, 48, [63] [64] [65] .
To study the membrane-diffusion of TGF-β receptors under different conditions, single TβRI-EGFP molecules in living cells were imaged by TIRFM, and their motion trajectories were reconstructed by connecting precise locations of molecules in each frames [66] . After the two-dimensional mean square displacements (MSD) of each trajectories were calculated, the diffusion coefficients (D) relevant to the slope of the MSD-Δt plots could be derived [67] . Upon TGF-β1 stimulation, the mean diffusion coefficient of TβRI decreased from 0.049 μm 2 /s to 0.015 μm 2 /s in the cells co-expressing TβRI and TβRII. This mobility change of TβRI induced by TGF-β1 was much more significant than that in the absence of TβRII, due to heteromeric interaction between TGF-β receptors. Meanwhile, the mean confinement area of TβRI motion was also decreased from 0.98 ± 0.21 μm to 0.45 ± 0.09 μm. In addition, when the lipid-rafts were disrupted, there was no obvious change of TβRI mobility upon TGF-β1 stimulation. This indicated that membrane lipid-rafts facilitated the formation of the TβRI/TβRII/TGF-β1 signaling complex.
Furthermore, in order to study the monomer-dimer interconversion kinetics of TGF-β receptors, we developed a new approach based on genetically encoded unnatural amino acid (UAA) to tag the receptor with organic dye molecule [52] . With the help of the pyrrolysine (Pyl)-based genetic-code expansion system, the Pyl-liked UAAs bearing an azido, named ACPK, was specifically incorporated into TβRII, and then the TβRII was labeled with dibenzocyclooctyne (DBCO)-conjugated fluorophore (DBCO545) through the strainpromoted azide-alkyne cycloaddition (SPAAC).
Compared with GFP, the use of this labeling approach not only decreased the labeling size, which would disturb the receptor monomer-dimer interconversion equilibrium, but also showed an increased fluorescence time and a higher SNR of images. By tracking individual DBCO545 labeled TβRII, we can directly 'watch' the interconversion between monomers and dimers. As shown in Fig. 3D , the two TβRII molecules experienced association, colocalization, co-diffusion and then dissociation. The changes of single-molecule fluorescence intensity were in line with monomerdimer transitions (Fig. 3E) . The lifetime of TβRII dimer was calculated to be 253 ms, determined by fitting the histogram of co-diffusion time with a single exponential function (Fig. 3F) . The average dissociation rate constant (k 3 in Fig. 1 ) was determined to be 3.95 s −1
. It was interesting to note that upon TGF-β1 stimulation, there was no change of dimer lifetime, which indicated that TGF-β1 did not stabilize the TβRII dimer during receptor activation. With other single-molecule imaging results, we proposed that the increased TβRII dimerization upon ligand stimulation was caused by the increased receptor density on the plasma membrane.
Intracellular Trafficking of TGF-β Receptors
Apart from tracking the dynamic process of receptors on cell membrane, SMIT could also be used in visualizing receptor behaviors inside cells. Receptor trafficking is an important regulation mechanism of cellular signal transduction [68] . The TGF-β signaling pathway is tightly coupled with the receptors trafficking process [69] . The fate of internalized receptors include transferring signals, being modified specifically, degradation or recycling back to cell membrane [4] . There are only 5%-10% TGF-β receptors in the cell membrane and it takes 30 mins on average for the internalized TGF-β receptors to recycle back to cell membrane [4, 70] .
Previous research suggested that TGF-β receptors could be internalized by both clathrin-mediated endocytosis which facilitated the up-regulation of TGF-β signaling, and caveolae-mediated endocytosis which promoted TGF-β receptors degradation to down-regulate signaling [70] . Recycling of TGF-β receptors mainly depended on the clathrin-mediated pathway, and ligand had no effect on this process [71] . Based on those experimental results, computational model of TGF-β receptor trafficking was established and much detailed kinetic information such as receptor internalization rate constant, recycling rate constant, and degradation rate constant were derived [4, 7, 71] .
We recently investigated the intracellular trafficking of TβRI by SMIT and found a new transportation pathway of TGF-β receptors (Fig. 1) [72] . In contrast to the previous view that clathrin-and caveolae-mediated endocytic pathways independently regulate TGF-β receptor endocytic trafficking [70] , we observed that two endocytic pathways could be fused, which led to the formation of caveolin-1 and clathrin double-positive vesicles (Fig. 4A) . The fusion was initiated underneath the plasma membrane, and the coordinated movement of the caveolin-1, clathrin, and TβRI from the lateral plasma membrane to the cytoplasm was discovered (Fig. 4B) . The fused vesicles carrying TβRI were transported to early endosomes with the regulation of Rab5, forming caveolin-1 and EEA1 doublepositive early endosomes (caveolin-1-positive early endosomes). We further showed the localization of Smad3/SARA, Rab11, and Smad7/Smurf2 on these caveolin-1-positive early endosomes, suggesting that the caveolin-1-positive early endosome was a multifunctional device functioning in TGF-β signaling, TβRI recycling, and degradation.
Besides internalization, we have also studied the intracellular trafficking of newly synthesized TGF-β receptors (Fig. 1) [73] . With quasi-TIRFM, where the incident angel of excitation laser is slightly smaller than the critical angel to generate a thin-layer illumination through the cell, we observed punctuated distribution of TβRII in cytoplasm. These punctuates were further confirmed as post-Golgi vesicles by different imaging strategies including using our homebuilt super-resolution STED microscope [74] . Single-particle tracking of these vesicles showed that they traveled at an average speed of 0.51 μm/s along the microtubules. After ligand stimulation, these vesicles moved from cytoplasm to cell membrane. These results suggested that the vesicles acted as a storage form of newly synthesized TβRII and could be transported to the plasma membrane upon ligand stimulation to complement the loss resulting from receptor internalization.
Smad3 Membrane-Docking Dynamics
After the exploring of TGF-β receptors, we aim to monitor on the downstream signaling proteins, Smad proteins. There are three kinds of Smad proteins including receptor-regulated Smad (R-Smad), the Co-mediator Smad (Co-Smad), and the inhibitory Smad (I-Smad) [75] . R-Smads are the key intracellular mediators to propagate TGF-β signal. They are directly activated by TβRI and undergo formation of heteromeric complexes with Co-Smad [76] , then activated Smad complexes are translocated from cytoplasm to nucleus to regulate expression of target genes [75] [76] [77] . Although the basic model about R-Smads signaling has been established, whether the transient process of Smad3 activation occurs on cell membrane and how it is regulated remains elusive. There are still different views on R-Smad activation: R-Smads bind with and be phosphorylated by activated TβRI both at the cell membrane [78] ; R-Smads bind to activated TβRI at plasma membrane, but they are phosphorylated after the signaling complexes being endocytosed into the early endosomes [79, 80] ; after internalization of the ligand-activated TGF-β receptor complexes, the binding and phosphorylation of R-Smads both take place in early endosomes [81] .
With TIRFM-based SMIT, we directly visualized the transit activation process of the R-Smad protein, Smad3, on cell membrane and quantified its activation dynamics (Fig. 5) [82] . According to our results, Smad3 docked to cell membrane in both unstimulated and stimulated cells, but with different diffusion rates and docking time. The changes in its membrane-docking dynamics under different conditions, such as inhibition of TβRI phosphorylation, Smad3 phosphorylation, and endocytosis, were used to study the activation of Smad3, and proposed its membrane-activation model. In the absence of TGF-β1, Smad3 binds to TβRI with a dissociation rate constant (k 4 in Fig. 1 . Upon TGFβ−1 stimulation, Smad3 was phosphorylated by the activated TGF-β1/TβRI/TβRII complex at the cell membrane, and the binding between Smad3 and TβRI was more stable with a dissociation rate constant (k 5 in Fig. 1 . Thus we demonstrated that Smad3 could be activated on the cell membrane and offered a new approach to investigate the intracellular signaling proteins.
Conclusions and Perspectives
Single-molecule methods are powerful in directly characterizing the dynamics of individual molecules in native cellular environments. It has enabled the quantitative description of several protein interactions in TGF-β/Smad signaling. Yet there is still a distance away from completely understanding the TGF-β/Smad signal transduction process. More investigations on other key signaling proteins such as Smad2, Smad4, Smad7, and SARA are needed. In addition, monitoring the behaviors of these key proteins in a longer period of time to following several continuous interaction/reaction processes will be great helpful for the delineation of TGF-β/Smad signaling events. To achieve this goal, there are still some technical obstacles to overcome.
One of the demanding tasks is the better strategies for singlemolecule study of intracellular proteins. Nowadays, most work with live-cell single-molecule methods is focused on cell membrane. It is relatively difficult to study intracellular molecules due to the signal interference from the more complex intracellular environment. Moreover, it is still a major challenge to develop new fluorescent probes with improved brightness and photostability to meet the requirement for long-time intracellular tracking, and with fluorogenic property and proper labeling strategies to ensure specific intracellular labeling [17, 19, [83] [84] [85] [86] .
On the other hand, although the improved spatial resolution has been achieved by super-resolution microscopes for single-molecule study, it is normal at the cost of sacrificing temporal resolution. The recent advances in live-cell STED and single-particle tracking PALM (sptPALM) balanced spatial and temporal resolutions for dynamic study in living cells [86] [87] [88] [89] . As the timescales of biological events could range from microseconds to seconds, improving both the temporal and spatial resolution of super-resolution microscopes is still the future direction.
Another challenge of single-molecule study is data processing for quantitative analysis. Algorisms of reconstructing molecular motion trajectories are needed to guarantee its accuracy even under the condition with high density of fluorescent spots [90, 91] . After getting the precise molecular motion trajectories, how to efficiently extract useful information and convert it to molecular interaction dynamics is also a problem to be solved.
With more improvements of single-molecule methods and their broader applications in cell signaling study, it is expected that greater advances of our knowledge on this complex process will be achieved. [82] .
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